Abstract: Crystallographic R work and R free values, which are measures of the ability of the models of macromolecular structures to explain the crystallographic data on which they are based, are often used to assess structure quality. It is widely known, and confirmed here that both are sensitive to the methods used to compute them, and can be manipulated to improve the apparent quality of the model. As an alternative it is proposed here that the quality of crystallographic models should be assessed using a global goodness-of-fit metric R O2A /R work where R O2A is the number of reflections used for refinement divided by the number of nonhydrogen atoms in the structure, and R work is the working R-factor of the refined structure. Also, analysis of structures in the Protein Data Bank suggests that many data sets have been truncated at high resolution, thereby improving the R-factor statistics. To discourage this practice, it is proposed that the resolution of a dataset be defined as the resolution of the shell of data where <I/r I > falls to 1. The proposed goodness-offit metric encourages investigators to use all the data available rather than a truncated subset.
Introduction
A large number of statistics are used to assess the geometric and crystallographic quality of macromolecular crystal structures. 1 Unlike the statistics used to gauge geometric quality, which are largely independent of the methods used to solve structures, those used to characterize crystallographic quality such as the agreement R-factors for the measured data (i.e., R merge , R meas , R PIM , CC 1/2, etc.) and to judge the correspondence between the model being refined and the measured data (i.e., R work and R free ) are sensitive to the decisions made consciously by crystallographers as they solve structures, or in some cases without their knowledge, by the programs they use. These statistics can make structures appear better than they really are. Crystallographic quality statistics can be "improved" by systematically excluding weakintensity, high-resolution (WIHR) reflections from data sets. The net effect is to trade an apparent improvement in structural quality for a reduction in resolution. 2, 3 The resolution of the crystal structure of a macromolecule is the single most important determinant of its quality. However, while everyone is sure they know what the word "resolution" means; there is no generally accepted method for estimating it. Worse, investigators may omit available highresolution data during structure refinement because by doing so they can improve apparent working and free R-factors of the resulting structures. One reason investigators may do so is that the free R-factor, rather than resolution, is commonly used today to measure of structure quality. 1, 4 For example, the structure with PDB code 4HYO, which was solved at a resolution of 1.65 Å with a R free value of 18.1%, is likely to be regarded more favorably than the structure of the same molecule with PDB code 3LDC, which was solved at a resolution of 1.45 Å with R free of 20.2%. 5, 6 The tendency of editors and authors to have this preference is perverse. 7 There are many examples in the literature of the benefits to be gained by using all of the WIHR available when refining structures. For example, over a decade ago, the structure of GroEL reported in 1DER was rerefined (PDB accession: 1KP8) using all of the WIHR data between a resolution of 2.0 Å and 2.4 Å , the latter being the resolution of the 1DER structure. 8, 9 At 2.4 Å , <I/r I > is 1.0 in the highest resolution shell, but at 2.0 Å , <I/r I > is only 0.5. The inclusion of these WIHR data made it possible to correct several significant errors in the 1DER structure; and upon further refinement, a structure was obtained (1KP8) that has both working and free R-factor more than 10% lower than those reported for 1DER out to a resolution of 2.4 Å (Fig. 1) . It was argued then that the omission of the WIHR data from the data set used to refine the 1DER structure had trapped it in a local minimum from which it could not escape until the WIHR data were taken into account. Here, evidence will be presented that most of the structures in the Protein Data Bank (PDB) would probably be improved if they were refined using all the WIHR data available. In order to encourage crystallographers to use all the data available, a new metric needs to be developed for judging structural quality that takes account not only of the correspondence between the data and the model, which R free certainly does, but also of the explanatory power of the data, which R free does not. The explanatory power of the data is the ratio of the number of independent reflections in the data set used for refinement to the number of adjustable parameters in the structural model obtained using those data. Since the number of nonhydrogen atoms in a structure should be proportional to the number of parameters a molecular model must specify, the observation to atoms (O2A) ratio (R O2A ), which is easily estimated, ought to be a useful measure of the explanatory power of the data sets. A structure that has a comparatively high R free value but also a high O2A ratio can be superior in quality to one with a low R free value but also a low O2A ratio. A number of global goodness-of-fit (GGOF) metrics based on this principle are proposed here to encourage further discussion.
The two GroEL structures mentioned above provide a case in point. The R-factors for the GroEL structure originally published (1DER; R 5 24.7%, R free 5 29.8%, Resolution 2.4 Å ) are not much different from those that characterize the model obtained for GroEL using all the WIHR data available (1KP8; R 5 24.3%, R free 5 25.8%, Resolution at 2.0 Å ). 8, 9 However, since the 1KP8 GroEL model explains nearly twice the number of experimental observations as the 1DER model, it is clearly superior.
Results

R free values can be manipulated
For at least the last decade, the R free values reported for the refined crystal structures of macromolecules have been used as a quality metric, in ways that were never intended. 4 Investigators may be concerned that they cannot publish structures if their R free values are too high, or are significantly poorer than the average structure in the PDB of similar resolution. Yet, referees seldom object to structures on the grounds that their R free values are too low, even when, as sometimes happens, they are smaller than the corresponding working R factors, which is essentially impossible. As the following example illustrates, it is easy to reduce the R free value of a structure without doing anything to improve its quality. A 2.5-Å resolution crystal structure was reported recently for E. coli YfbU (4LR3) that has a working R-factor of 21.0% and free R-factor of 24.7%. 10 The free and working R-factors of the YfbU structure vary as a function of resolution the same way they do for most macromolecular crystal structures: they are large at both high and low resolution, and small in the middle (Fig. 2) . Thus one can improve both the overall free and working R-factors of this structure simply by discarding the part of the data that is poorly explained by the model ( from 0.46, to 1.00, then to 2.00, and 3.00, and finally to 4.00. These statistics show that it is unrealistic to compare the working and free R-factors of the 2.5-Å resolution version of the YfbU structure with those of other structures in the PDB having similar nominal resolutions but much higher values of <I/r I > in the highest resolution shells.
The <I/r I > value in the highest resolution shell for many structures in the PDB is high
In connection with another study, 7 structure factors (or intensities) were retrieved for all of the P2 1 2 1 2 1 entries in the PDB in April, 2014, and are also used here. Of all the space groups in which macromolecules crystallize, the most common is P2 1 2 1 2 1 , which includes 23.0% of the entries in the PDB, followed by P2 1 (15.4%), and C2 (9.6%) (Supporting Information Table S12S3 ). Thus, the statistical properties of these P2 1 2 1 2 1 data sets should be representative of the entire PDB.
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Using the program SCALEPACK, 12 the structure factors (or intensities) of 11,265 P2 1 2 1 2 1 entries in the PDB were binned into 20 resolution shells each containing approximately equal numbers of reflections, and <I/r I > values were computed for each shell. The value reported for <I/r I > in the highest resolution shell was greater than 30 for 37 of these sets. Because these values were so high, these data sets were excluded from the analysis (Fig. 3 , Table II, Supporting Information Table S4 , S5). Even so, the mean value for <I/r I > in the highest resolution shell for the remaining data sets is 3.88 6 2.75 (Table III) . Surprisingly, 3.8% (432) of the data sets have been truncated at <I/r I > 5 10.0 (Table II) . Another 20.4% (2,298) of the P2 1 2 1 2 1 entries have excluded all the data with <I/r I > less than 5.0. For many of these entries, an analysis shows that R work and R free in the highest resolution shells are often smaller (or not much higher) than their overall values, 7 which
suggests that the WIHR data were truncated during structure refinement, as in the YfbU example discussed above. Given that the crystals of most macromolecules diffract weakly, if one were to use <I/ r I > 5 10.0 as the resolution cut-off criterion, the amount of data discarded from most data sets would often be far greater than the amount of data used for structure determination. Discussions with the authors of a few of the structures that have very high values reported for <I/r I > in the highest resolution shell indicated that from their point of view, resolution was not an issue. It did not matter whether the resolution of a structure was 1.5 Å or 2.5 Å , as long as the structure The R free -R work differences of the structures in the PDB are useful measures of refinement quality Both R work and R free values can be adjusted to some degree by manipulating the resolution range of the data for structure refinement. R free values are likely to be more sensitive to the details of the way data are treated than R work values because the reflections for calculation of R free values are usually based on only 5% of the data. For the following reasons, it is harder to manipulate the difference between R free and R work . First, this difference should always be positive because if the data have been processed properly, R free must always be greater than R work . In addition, R free should gradually approach R work during refinement. Also, once the refinement has converged, the difference between them should vary in a predictable way as a function of both resolution and R O2A . As Figure 4 shows, the high-resolution limit of the value of that difference appears to be about 0.020 for all the P2 1 2 1 2 1 entries in the PDB.
Even though it is essentially impossible for R free to be less than R work , 24 of the P2 1 2 1 2 1 structures in the PDB have differences that are zero or negative (Supporting Information Table S6 ). Another 57 entries are characterized by differences less than 0.005, and the total number of entries having differences less than asymptotic limit is 1010 (6.4%) (Supporting Information Table S6 ). Finally, the average R-factor difference for all structures at resolutions lower than 2.85 Å is much smaller than the value predicted by the trends using all the P2 1 2 1 2 1 structures in the PDB (Fig. 4) . Explanations for most these anomalies remain unknown. Nevertheless, the fact that so many structures can be refined in ways that result in very small differences between the two R-factors does call into question the wisdom of using R free to judge structure quality.
The importance of the observation-to-atom ratios for structures in the PDB
The most obvious shortcoming of R-factors as measures of structure quality is that they do not reflect the capacity of the X-ray data to determine the parameters of the structure. A simple metric that could be used to provide this information is the number of (independent) reflections used to refine a structure, divided by the number of non-hydrogen atoms in the asymmetric unit. This ratio is designated here as R O2A . It is an imperfect measure of the quality of the structural model because the number of adjustable parameters in the model depends in part on the method used for its refinement, and on the way Bfactors are treated. It is also the case that the number of parameters per nonhydrogen atom needed to model solvent molecules is not the same as the number per atom for the macromolecule itself. Nevertheless, R O2A will increase as the cube of the reciprocal of the resolution (Fig. 5) , as it should, and it automatically takes into account solvent-content variations in crystals. In an analysis done in April 2014, the average solvent content for the all entries in the PDB was 50.2 6 8.2%, and 48.2 6 8.5% for the P2 1 2 1 2 1 entries (Supporting Information Table  S12S3 ). However, there is a considerable variation from one crystal to the next. For example, 95% of the volume of the unit cell in the crystals used to solve the 2YQ3 structure is occupied by solvent. 13 Thus, this structure would have an R O2A 10 fold higher than that of a structure solved at the same resolution using crystals that have a solvent content of 50%. When R O2A is plotted against reciprocal resolution cubed for all the P2 1 2 1 2 1 entries in the PDB, the resulting distribution can be fitted to a line with an overall correlation coefficient of 0.898 (Fig. 5) . However, its intercept does not pass through the origin of the plot, as one would anticipate. This failure may be caused by a tendency of increases in solvent content to correlate with decreases in the resolution of macromolecular crystal structures. The average solvent content is about 50% for all the structures in the PDB, but it is 70% for all structures with resolutions lower than 5.0 Å (Supporting Information  Table S1 ). Under-representation of low-resolution crystal structures in the set of structures considered may also contribute, as may systematic differences in the way WIHR data are treated, with more WIHR data being used for low-resolution structure determinations. The regression line in Figure 5 indicates that on average, R O2A reaches 4 at 3.11 Å and 9 at 1.94 Å , which implies that unconstrained refinement of atomic positions and isotropic B-factors is likely to fail for macromolecular structures solved at resolutions of 3.11 Å or lower, and that unconstrained refinement of atomic positions and individual anisotropic B-factor parameters cannot be expected to work well unless the resolution of the data exceeds 1.94 Å . These estimates agree well with conventional wisdom in the macromolecular crystallographic community (e.f., Ref. [14] ).
A proposal for some new measures of structure quality
The goal of all structure refinements is to arrive at the physically plausible model for the molecule of concern that best explains all the observations available. For this reason alone, all the WIHR data available ought to be included in the structure refinement. It is also proposed that structure quality be assessed using a global goodness of fit (GGOF) statistic, the simplest of which, GGOF 1 , is defined as follows.
Experience shows that structures having a GGOF 1 > 100 should be considered "high quality" (Table IV) , which implies that a structure with an R O2A > 15 would have to have a R work <15% to be considered high quality. If the solvent content of a structure determined at resolution of about 5 Å were 70%, which is unusually high (Supporting Information Table S1 ), the R O2A value would be about 3.5.
In order for such a structure to be considered high quality, its R work would have to be less than 3.5%, which has never been achieved for a 5.0-Å resolution structure.
The results obtained with the YfbU structure by trimming the WIHR data used to refine it suggest that R free values fall much slower than R work values, and that the decrease of R work appears to be proportional to R O2A , while that of R free appears to be proportional to ffiffiffiffiffiffiffiffiffiffiffi R O2A p (Supporting Information Table S1 ), assuming that the structure refinement has fully converged. These observations suggest that a second GGOF metric might be considered, GGOF 2 :
When dealing with the WIHR data, it is important to include the weighted R-factors by the measurement errors, which many refinement programs often report but are not quoted in many publications. a The first group of PDB entries is with reported R work of less than 10% with an exception of 4F1V, which is closely related to 4F1U. The second group of PDB entries is of structures discussed in this manuscript, including some unpublished rerefined structures. The trimming of the WIHR data is also included in this These weighted R-factors can be used for calculations of GGOF metrics as well.
Applications of GGOF metrics
Table IV provides the GGOF metrics for a handful of structures in the PDB. It should be noted that GGOF 1 for 1KP8, the higher resolution structure of the two GroEL structures mentioned earlier, is much better than that of 1DER, its lower resolution mate, as it should be, and that 1KP8 is also superior to 1DER based on their GGOF 2 statistics. GGOF metrics can also be used to determine whether the version of 1EGW 15 that has been rerefined with two identical copies of a DNA duplex bound in two different orientations (i.e., two alternative conformations for the entire DNA duplex) bound to the two monomers of that homo-dimeric protein is better than the one rerefined with one asymmetric DNA duplex bound to both monomers (plus three nucleotides per strand or six nucleotides in total in two alternative conformations) that differ in orientation between two monomers. 7 The first model has a working R-factor of 14.2%, a free R-factor of 18.2%, and the number of atoms is 3,165 so that R O2A is 9.24. The second model has a working R-factor of 15.3%, free R-factor of 19.2%, and the number of atoms is 2591 (a smaller number than the first structure) so that R O2A is 11.28. Thus, the first model has GGOF 1 of 65.1 and GGOF 2 of 16.7, whereas the second model has GGOF of 73.7, and GGOF 2 of 17.5. Both criteria suggest that the second model with fewer atoms is better than the first. The 4HYO structure, 6 which was originally determined in P1, provides another instructive example. When it is refined in the space group appropriate for the crystals it forms, P42 1 2, its GGOF metric is 30% better than it is when it is rerefined in P1 under identical conditions. 6, 7 To give the reader some idea of the kinds of GGOF values that should be aspired to, Table IV includes data on some structures of exceptional quality, which were chosen from among the 67 single-crystal structures in the PDB that have working R-factors less than 10% at resolutions in the atomic to sub-atomic range. [16] [17] [18] [19] [20] [21] These values range from 320 for 1LTG, which was solved at a resolution of 1.1 Å , to 740 for 4AYP, which is a 0.85-Å resolution structure (Table IV) . The structure described by 4F1V, which was determined at 0.88-Å resolution with working Rfactor of 12.5%, is included in this high-resolution group because it is instructive to compare its statistics with those of a closely related entry, 4F1U, which was solved at 0.98-Å resolution with working R-factor of 9.6%. 16 For these structures, the number of measured observations at a resolution of 0.98 Å is 176,838, but at a resolution of 0.88 Å the number is 248,683, and the corresponding R O2A values are 44.7 and 61.3. Omission of the WIHR data from the data used for refining the 4F1V structure consistently resulted in poorer GGOF metrics, even though it led to improved apparent working and free R-factor values. Thus, if the GGOF metrics proposed here were used to assess quality, it would be apparent that there is no justification for omission of any of the WIHR data available for the 4F1V structure, no matter what the effect on R-factors (Table IV) .
Discussion
Consequences of excluding poorly measured observations in data processing
It is surprising that one in every five structures in the PDB has an <I/r I > value of 5.0, or higher, in the highest resolution shell, and that this value is 10.0 or higher for one in every thirty structures in the PDB. There are at least two ways data can be processed so that such high <I/r I > values are obtained in the highest resolution shells: (i) exclusion of all the poorly measured weak-intensity reflections whatever the resolution, and/or (iii) exclusion of all the WIHR data. Both will improve the statistics of the processed data, but neither is good practice.
As the HKL Users Manual explains, individual observations of specific reflections from the data sets should not be excluded on the grounds that they have been poorly measured. 21 Some reflections in any data set obtained from a macromolecular crystal are bound to be weak, and when a weak reflection crosses the Ewald sphere, the value recorded for its intensity may be negative as a consequence of counting statistics. Those apparently nonphysical values for intensities must be averaged with all the other observations made of the intensities of the corresponding reflections. If not, the intensity estimates that emerge for those reflections when observations are averaged will be larger than they should be. This practice could give the impression that intensities of reflections that are zero because they are systematically absent due to crystal symmetry are non-zero, and thus lead them to incorrect conclusions about crystal symmetry. 7 Questions related to negative intensity measurements are best addressed using techniques that rely on Bayesian statistics. 23 These measurements should not be omitted. During structure refinement, the knowledge that a particular reflection is weak is as important as the knowledge that some other reflection is strong. What counts are the differences between predicted and measured amplitudes, not the absolute values of measured amplitudes as such. Thus, if weak data are omitted during structure refinement, and the model that emerges fails to predict that these data should be weak, the model cannot be accurate, nor can the phases calculated using that model be relied upon. Thus, an important distinction exists between setting the intensities of weak reflections to zero and omitting them altogether during refinement. If the intensity of a weak reflection is not taken into account during refinement, its value will not constrain the model being refined. By contrast, if it is taken into account but its amplitude is set to zero, models will be favored that predict that its amplitude should be weak, which is as it should be.
A proposed metric to measure crystallographic quality
The major problem with the metrics commonly used for assessing crystallographic quality today is that they give too little emphasis on resolution and too much emphasis on the correspondence between the model and the data. The primary virtue of the GGOF parameters proposed here as metrics of crystallographic quality is that they will "reward" use of all the data available.
If GGOF parameters of the sort being advocated here become widely adopted, it will become even more important than it is today for the community to arrive at an agreement as to how "resolution" is defined. In earlier times, when data collection was much more difficult than it is today, the resolution of a crystal structure was taken to be the Bragg spacing at which <I/ r I > falls to 2.0. Today, as pointed out above, "resolution" turns out to be the Bragg spacing of the highest resolution shell of data used to refine the structure, no matter what the cutoff value of <I/r I > may be. Given the quality of the data sets being collected today, it would be reasonable to define the resolution of a data set, and hence that of the structure obtained from it, as the resolution at which <I/r I > falls to 1.0. By itself, this change in the operational definition of resolution might encourage the crystallographic community to be more aggressive in its use of highresolution data than it has been in the recent past.
The service the PDB provides as a repository of both structures and data cannot be overstated. As most crystallographers know, it can be remarkably hard to locate and retrieve the data sets that are more than a few years old from one's own computer system. Obsolescence of the media on which the data are stored can become a problem for data sets that are more than a few years old, and but for the PDB, closure of the laboratory that collected them would be the equivalent of a death sentence. Thus, it is important that the authors responsible for the 20% of the structures in the PDB for which there are no data deposited beyond <I/r I >55 reprocess the data they have to the highest resolution possible before they are lost forever. It is less urgent, but also important that for the authors of the 86% of all the structures in the PDB that lack data beyond <I/r I >52.0 do what they can do to extend the resolution of their data sets (Table II) . The availability of the WIHR data for these structures will make it possible for anyone who becomes interested in the future to re-refine them using the programs are available then, which are all but certain to be even better than those available today.
Materials and Methods
All structural factors were retrieved in mid-April 2014 from the PDB and analyzed as described elsewhere. 7 The program SCALEPACK was used to analyze the <I/r I > distribution in the highest resolution shell of the 20 shells of approximately equal number of expected observations. 12
